The high field magnetization and magnetotransport measurements are carried out to determine the critical superconducting parameters of MgB 2−x C x system. The synthesized samples are pure phase and the lattice parameter evaluation is carried out using the Rietveld refinement. The R − T͑H͒ measurements are done up to a field of 140 kOe. The upper critical field values, H c2 , are obtained from these data based on the criterion of 90% of normal resistivity, i.e., H c2 = H at which =90% N , where N is the normal resistivity, i.e., resistivity of about 40K in our case. The Werthamer-Helfand-Hohenberg prediction of H c2 ͑0͒ underestimates the critical field value even below the field up to which measurement is carried out. After this model, the Ginzburg-Landau theory is applied to the R − T͑H͒ data which not only calculate the H c2 ͑0͒ value but also determine the dependence of H c2 on temperature in the low temperature high field region. The estimated H c2 ͑0͒ = 157.2 kOe for pure MgB 2 is profoundly enhanced to 297.5 kOe for the x = 0.15 sample in MgB 2−x C x series. Magnetization measurements are done up to 120 kOe at different temperatures and the other parameters such as irreversibility field H irr and critical current density J c ͑H͒ are also calculated. The nano carbon doping results in substantial enhancement of critical parameters such as H c2 , H irr , and J c ͑H͒ in comparison to the pure MgB 2 sample.
I. INTRODUCTION
In the early years of discovery of renowned MgB 2 superconductor, it attracted the huge interest of scientific community due to its simple chemical composition, crystal structure, and highest T c among the intermetallic noncuprate compounds. [1] [2] [3] The compound was studied extensively both by experimental and theoretical aspects by various groups. Soon, the typical and peculiar properties of MgB 2 came into picture like the two band nature having double band gap and the unusual Fermi surface topology. 4, 5 Various groups studied the band structure unfolding the mystery of different nature of Fermi surfaces for different 3, 4, 6, 7 bands. MgB 2 has two bands, namely, and . The Fermi surface due to band has cylindrical sheets while possessing tubular networks is due to band. After all these studies on structural, electronic, and band related properties of MgB 2 , 6-9 the next step is to determine the effect of this two band nature on the critical properties of MgB 2 to estimate its practical value. The effect of two band nature on critical parameters such as the upper critical field, H c2 , is needed to be probed. The H c2 increases linearly near T c with decreasing temperature but its behavior changes in the low temperature high field region. A sharp jump is predicted by theoretical and experimental reports near T = 0 K in the H c2 versus T line. [10] [11] [12] That is why the exact H c2 ͑0͒ value is much higher than it seems to be through normal extrapolation of data. The WerthamerHelfand-Hohenberg ͑WHH͒ formula determines H c2 ͑0͒ value based on the slope of H c2 versus T line at T = T c . But since the slope is varying with the temperature considerably, it results in the wrong estimation of H c2 . After that Ginzburg-Landau ͑GL͒ theory is used for the calculation of H c2 ͑0͒. The experimental data fit very well with the GL equation and the value of H c2 ͑0͒ is found to be much higher than the WHH formula.
The critical properties of MgB 2 can be enhanced by nanoparticle doping. [13] [14] [15] Thus, along with MgB 2 , the nanocarbon doped samples are also taken into consideration. The critical parameters such as H c2 , H irr , and J c enhance significantly by nanocarbon substitution at boron site. The values of critical parameters obtained are either competitive or superior than those obtained earlier. The critical current density, J c , increases by more than an order with nanocarbon doping as estimated from magnetization plots. The substitution at boron site is more effective than nanoparticle additions in MgB 2 matrix. That is why the present results are superior than those of nano-SiC doping 14 for the optimum content. Actually in the MgB 2−x C x system, substitution of carbon at boon site results in intrinsic flux pinning along with the extrinsic pinning by excess carbon, not going at boron site but present at grain boundary. Thus, it enhances the critical parameters both ways and results in superior results than through other dopants. [13] [14] [15] Substantial increment is noticed in the H c2 ͑0͒ value for the nanocarbon doped samples as compared to pristine MgB 2 on applying suitable theoretical model. The quantitative description is given in Sec. III and is also compared with the literature. Thus, hereby, we revisit our earlier studied MgB 2−x C x series 16 
II. EXPERIMENTAL
The polycrystalline MgB 2−x C x samples were synthesized by solid-state reaction route in the argon environment. The detailed procedure of synthesis of samples is given in Ref.
16. X-ray diffraction patterns were taken on RigakuMiniflex-Ultima desktop diffractometer. Rietveld refinement was carried out using the software FULLPROOF-2007. Resistivity measurements were made on bar shaped samples using four-probe technique under the constant applied field on Quantum Design PPMS. Magnetization measurements were also carried out on Quantum Design PPMS equipped with vibrating sample magnetometer ͑VSM͒ attachment.
III. RESULTS AND DISCUSSIONS
The x-ray diffraction patterns for the pristine and some of the nanocarbon doped samples are shown in Fig. 1͑a͒ . Phase purity is checked by Rietveld refinement; all Bragg peaks are obtained at exact position with appropriate intensity. A small intensity extra phase MgO peak is also noticed in the pattern of MgB 2 , which is marked by the symbol "*" in the figure. The nanocarbon doped samples have the similar patterns with the shifted peaks according to the changed lattice parameters. The ͑100͒ peak shifts toward higher angle side, shown in the inset of Fig. 1͑a͒ , indicating the continuous decrease in the a parameter. Rietveld refinement is done on all the samples and the so obtained lattice parameters are tabulated in Table I . a parameter decreases continuously as expected with the increase in nanocarbon content in MgB 2−x C x samples, while c parameter does not change much. For pure MgB 2 sample, the lattice parameter a is found to be 3.0857͑8͒ Å and the same decreases to 3.0678͑20͒ Å for the highest nanocarbon doped sample. The variation in lattice parameters, c / a value, and cell volume with the increasing nanocarbon content is shown in Fig. 1͑b͒ . Error bars for the lattice parameters a and c are also drawn as obtained from Rietveld refinement. Cell volume and lattice parameter a both decrease with an increase in x ͑nanocarbon content in MgB 2−x C x ͒ while c / a value increases with the increasing nanocarbon amount because of decreasing a parameter and almost constant c value. The continuous monotonic change in lattice parameters confirms the substitution of nanocarbon at boron site in MgB 2 matrix but still the exact amount of nanocarbon substituted at boron site is not known. The exact carbon content in Mg͑B 1−y C y ͒ 2 is evaluated indirectly using the equation y = 7.5ϫ⌬c / a, where ⌬c / a is the change in c / a value as compared to the pure sample and y is the exact content by atomic wt % of nanocarbon substituted at the boron site. [17] [18] [19] The exact value calculated in this way is found to be quite less than expected. The net maximum substitution level is just 6% by atomic The net carbon, which exactly goes at the boron site, creates disorder in the sigma band and causes intrinsic pinning to enhance the critical parameters. Thus, substitution by carbon at boron site causes extrinsic/intrinsic pinning through additions/substitution and enhances the superconducting performance of MgB 2 both ways. The variation in the exact carbon content, y with the experimentally doped nanocarbon content by atomic wt %, is also plotted at the bottom layer of Fig. 1͑b͒ . The observed variation in the lattice parameters is in confirmation with the earlier reports, pertaining to carbon doping in MgB 2 .
17,20
Figures 2͑a͒-2͑c͒ depict the variation in resistivity with temperature in the transition zone at different field values varying from 0 to 140 kOe for the undoped, x = 0.10, and x = 0.20 samples, respectively. Here, we note that the transition is very sharp at zero field for all the samples but the transition width increases with the increase in field value. At low fields, behavior of pure sample is better than that of doped samples. The transition temperature T c ͑ =0͒ is 37.75 K for pure MgB 2 while it decreases with the boron site nanocarbon substitution to 35.95 and 34.95 K for x = 0.10 and 0.20 samples, respectively, at zero field value. With increment in applied field, the resistance curves shift toward lower temperature side both for doped and undoped samples, but we can clearly see that relative shift is much lesser in the case of doped sample curves than the pure one. Transition temperature for pure MgB 2 sample is only 5.80 K under 140 kOe field, while is increased to 12.80 and 11.30 K for x = 0.10 and x = 0.15 samples, respectively. Thus, addition of nanocarbon clearly improves the superconducting performance of bulk MgB 2 sample at elevated fields. It simply implies that the critical field increases with the nanocarbon doping in MgB 2 . The transition temperatures T c ͑ =0͒ for all the synthesized samples at fields varying from 0 to 140 kOe are given in Table II . Moreover, the normal state resistivity ͑ N ͒ also increases from 35 ⍀ cm for pure MgB 2 to about 140 ⍀ cm for x = 0.10 and 0.20 samples ͓see Fig.  2͑a͒-2͑c͔͒ . The increased value of normal state resistivity with nanocarbon doping indicates toward the increased impurity scattering. The value of upper critical field especially H c2 ͑0͒ is found to depend directly on N . 10 Thus, this observation is also in confirmation to the enhanced H c2 for nanocarbon doped samples. The variation in normalized resistivity ͑ T / 40 ͒ with temperature for undoped and some of the nanocarbon doped samples is shown in Fig. 2͑d͒ . According to the definition of residual resistivity ratio, RRR value ͑= 300 / 40 ͒, the value of normalized resistivity ͑ T / 40 ͒ at the end point of curves in Fig. 2͑d͒, i. e., at 300 K, directly corresponds to the RRR value for a particular sample. The RRR value is also plotted with the varying carbon content in the inset of Fig. 2͑d͒ . Pure sample is found to have highest value of RRR͑=3.6͒ among the whole series of MgB 2−x C x samples. With an increase in nanocarbon content, the RRR value has a monotonic decrease and the least value of 1.70 is obtained for the highest doped x = 0.20 sample. It decreases very sharply in the beginning up to x = 0.04 sample and after that rate of decrease in RRR value with respect to the in- creasing nanocarbon content decreases. The nanocarbon doping enhances the electron scattering in the doped sample and hence results in the decreased value of RRR. The above trend of change in RRR values of our samples is in confirmation with the literature. 17, 18 The critical field is determined for all the samples using the criterion that H c2 = H at which =90% N and N is the normal resistivity or resistivity at about 40 K. The transition temperature with this criterion of =90% N instead of =0 are also determined for all the samples and are tabulated in Table III . The value of applied field in a column directly corresponds to the H c2 value at the temperature given below in that column for corresponding samples. The variation in critical fields with temperature is shown in Fig. 3 for undoped as well as the nanocarbon doped samples. At lower fields of less than 30 kOe, all samples have competing value of H c2 but as the field increases, performance of nanocarbon doped samples become far better than the undoped sample. As the carbon content increases, H c2 also rises and the performance of x = 0.08, 0.10, and 0.15 at higher fields is found to be competitive and best among this batch of samples. The other samples with 0.08Ͼ x Ͼ 0.15 have slightly inferior performance but still it is quite better than the pure sample. This is because for the samples with x Ͻ 0.08, the optimum level of nanocarbon substitution is not reached yet and for x Ͼ 0.15, the nanocarbon may not go at the boron site and remains at the grain boundary. This can also induce grain boundary pinning but after a limit agglomeration of nanocarbon particles take place so that the size of agglomerated clusters no longer remain of the range of coherence length of MgB 2 and become unable to pin the vortices. At 18.5 K the critical field of MgB 2 is near about 100 kOe while the same is increased to 140 kOe for x = 0.10 nanocarbon doped sample and lies in the range 120-140 kOe for other nanocarbon doped samples. But since the measurements are done only up to 140 kOe and the temperature is still 18.5K for the x = 0.10 sample, it is not possible to find H c2 at lower temperatures experimentally. Thus, some theoretical models are needed to be applied to see the behavior of upper critical field at low temperatures.
The simplest model to determine the upper critical field value at 0 K, i.e., H c2 ͑0͒ is the WHH formulation.
According to the WHH formula,
For x = 0.10 sample, H c2 ͑0͒ is just equal to 95 kOe by above formula which is not at all acceptable because the critical field of 140 kOe is already achieved at a temperature of 18.5 K. Thus, it is not possible that critical field decreases with a decrease in temperature. Thus, hereby we discard this formula for our system because it underestimates the H c2 ͑0͒ value. This is also discussed by Huang et al. 12 that H c2 ͑0͒ value calculated by WHH formula is lesser than the real value by a factor of 5 or 6.
Another model applied for H c2 determination is GL theory. The GL equation 21 in two band superconductors such as MgB 2 for temperature dependence of H c2 is given by
where =1−T / T c and = ͑1−͒ 1+␣ . The fitting of H c2 versus T data is done according to Eq. ͑2͒. Both the experimental and fitted curves for H c2 are shown in Fig. 4 . The fitted curves are in solid line while the experimental data points are shown by symbol. The theoretical curve fits very well with the experimental data up to the limit we carry out the measurements. Thus, the H c2 line is drawn theoretically according to Eq. ͑2͒. From the fitting, we can clearly see that, initially, the behavior of H c2 with T is linear near T c and extends up to a temperature of 10 K and after that it saturates in the range 3-10 K. Below 3 K the H c2 line has negative curvature. The H c2 ͑0͒ for x = 0.15 sample is found to be 21 for the undoped sample and in addition we have applied the same on nanocarbon doped samples and achieved a considerable high value of 300 kOe. The H c2 ͑0͒ values determined for the nanocarbon doped samples are also in confirmation with other reports in which high field measurements by pulsed magnetic field are carried out. 22 There is one more model known as Gurevich theoretical model for two band superconductors. 11 It takes into account the impact of both bands on the critical parameters. If we would have applied this model, the H c2 ͑0͒ value had been obtained as high as 400 kOe ͑Refs. 12 and 23͒ in the case of bulk and 500 kOe in the case of thin films. 10, 24 This actually corresponds to the real situation in the case of MgB 2 because the negative curvature in H c2 line near T = 0 K according to GL equation is not expected. Thus, this theory proves very good for high temperature roughly above 5 K. But below 5 K, the Gurevich model seems to be the best choice. Such a high value of above 400 kOe is really appreciable which proves this material to be a merit candidate for practical applications against Nb based superconductors and HTSC materials.
The magnetization hysteresis loop, i.e., magnetization versus applied field curves, are shown for doped and undoped samples in both increasing and decreasing field directions at 5, 10, and 20 K in the inset of Fig. 5 . The M − H loop for pure sample closes much before than the doped sample at each temperature, which clearly demonstrates the enhanced value of irreversibility field ͑H irr ͒. At 5 K, the loop closes nearly at about 80 kOe for the pure sample but is still open at 137 kOe for the nanocarbon doped x = 0.08 sample. All doped samples have better performance than the undoped samples. To have a clear idea, H irr ͑irreversibility field͒ are estimated for all samples at 5, 10, and 20 K from their respective magnetization loops. H irr is taken as the applied field value at which the magnetization loop almost closes with a criterion of giving critical current density value of the order of 10 2 A / cm 2 . For pristine sample, the H irr values are 45, 74, and 80 kOe at 20,10, and 5 K, respectively, whereas it is increased to 63, 110, and 137 kOe for the x = 0.08 sample at the same temperatures. These values are slightly higher than those reported earlier by Solatanian et al. 25 The increased values of H irr confirm the flux pinning by added nanocarbon particles.
The critical current density is calculated from the magnetization hysteresis loops using Bean's critical model. The variation in J c with applied fields is shown in Fig. 5 for doped and undoped samples at 10 K. All samples have J c of the order of more than 10 5 A / cm 2 at low field values. As the field increases, J c values decrease very rapidly for the pure sample and becomes of the order of 10 2 A / cm 2 at a field of 60 kOe at 10 K while it is still of the order of 10 4 for the x = 0.08 sample. Quantitatively, J c is about 1.04 ϫ 10 4 A / cm 2 at 60 kOe and 10 K for x = 0.08 nanocarbon doped sample, whereas it is 5.4ϫ 10 2 A / cm 2 for pure sample at the same field and temperature values. More specifically, J c of this sample is 21 times higher than the pure sample at 60 kOe and 10 K. The critical current density value is enhanced similarly at other temperatures also ͑say, 
IV. CONCLUSION
The nanocarbon doped MgB 2−x C x system is studied for the enhanced critical parameters H irr , J c ͑H͒, and especially the upper critical field H c2 . Theoretical models are applied on temperature dependence of upper critical field in order to estimate the critical field at low temperatures. H c2 ͑0͒ for all the carbon doped samples is found to be higher than the pure MgB 2 sample. The H c2 ͑0͒ value for pure sample is just 157 kOe which got profoundly enhanced and the highest value of H c2 ͑0͒ of about 300 kOe is achieved for x = 0.15 sample. The H c2 ͑0͒ of about 400 kOe is expected by applying the new two band Gurevich model on this system. Not even the upper critical field but the other parameters such as H irr and J c ͑H͒ are also improved significantly for the carbon doped samples.
